I. INTRODUCTION

I
N most sonar applications the received signal is traditionally filtered around the transmit center frequency at reception. The energy transferred to different frequency bands due to nonlinear sound propagation effects is not used. But the signal generated in these different frequency bands has features that can potentially improve target imaging. An application that found a use for nonlinear propagation is the parametric sonar. In 1963, Westervelt [1] predicted that when transmitting two high-frequency beams at slightly offset frequencies the beams would interact due to nonlinear effects and the wave generated from this interaction would propagate at the sum and difference of the transmitted frequencies, the signal at the difference frequency being the more applicable. Berktay [2] further developed this theory and evaluated several possible applications of nonlinearity in underwater transmitting applications. As an implementation of this, the parametric sonar is a technology that exploits nonlinear propagation in underwater acoustics. It is an industrial product that helps sub-bottom characterization [3] and buried object detection [4] thanks to the directional low-frequency beam, its long range, and bottom penetration capability. In his review, Bjørnø [5] describes the characteristics and the performance of the parametric sonar. About 15 years ago, use of nonlinear propagation of sound also reached the field of medical ultrasound with the development of tissue harmonic imaging (THI). In THI, the image reconstruction is made from receiving signals in the second harmonic frequency band. In many clinical applications, THI results in enhanced image quality compared to reconstructing the image from echoes in the transmitted frequency band. Duck [6] presents a comprehensive review explaining why THI allows for better image quality. It is due to, among others, a narrower main lobe, a better main-lobe-to-sidelobe ratio, and limited reverberation for the second harmonic signal compared to the fundamental signal. THI is implemented in most commercial scanners and is often the default imaging mode for cardiology where it has been shown to improve endocardial border definition [7] , [8] and measurements of heart functions [9] . THI has also shown promising image improvements for, e.g., liver [10] and kidney [11] examination.
In sonar applications, recent papers in the fishery research field have reported the problem that energy transfer to higher harmonic frequencies creates for accurate target strength estimation [12] , [13] . This problem strongly indicates that a significant amount of energy is transferred to higher harmonic frequencies. The combined success of harmonic imaging in medical ultrasound and the findings of significant energy transfers to higher harmonic frequencies in sonar applications prompted us to take a new look at harmonic generation due to nonlinearity. In addition, recent developments in transducer technology now allow sonar systems to work with a wide frequency bandwidth. It is therefore possible to consider a transducer that can receive both at the first and second harmonic frequencies as in medical ultrasound imaging.
In a parallel development, the use of the frequency response of living organisms to help characterize them has witnessed a widespread interest [14] . The echo strength coming from fish or zooplankton depends on the size but also on biological attributes of the species like the presence or lack of a gas-filled or fluid-filled swimbladder [15] , [16] . Combining the signals around the fundamental and second harmonic frequency bands could assist in marine life characterization. It is reasonable to think that other applications like bathymetry and buried objects detection [17] also can benefit from echoes at different frequency bands. This is a motivation for making a sonar that can receive at both the fundamental and second harmonic frequencies as an aid for target classification.
In the process of studying the potential use of the second harmonic signal in sonar, we learned that in 1980 Muir [18] demonstrated the feasibility of using the second harmonic signal for imaging. However, to the authors' knowledge, little has been published after this on second harmonic imaging in underwater acoustic. Our work can be seen as a continuation of Muir's.
In the first part of this paper, we confirm the presence of harmonic signals by measuring the pressure field radiated by two circular transducers with a center frequency of 121 kHz for the first one and 200 kHz for the second one in a water tank up to 12-m range. These measurements also give us the opportunity to compare with our numerical simulations. In the second part of this paper, we show that second harmonic imaging can be used for target detection by imaging spherical targets using a pulse-echo technique. This shows better resolution capabilities compared to images obtained with the fundamental signal. In the third part of this paper, we use numerical simulations of the pressure field and the active sonar equation to estimate the maximum useful range for the second harmonic signal and compare it to the maximum useful range of the fundamental signal. Finally, the last part advocates for the use of the second harmonic signal by discussing the advantages of combining it with the fundamental signal. Some initial considerations based solely on numerical simulations were presented as a conference proceedings paper [19] but we also report the measurement results in this article.
II. FUNDAMENTAL AND SECOND HARMONIC PRESSURE FIELDS CHARACTERIZATION
We conducted an experiment in a large water tank where a hydrophone recorded the pulse generated by 121-and 200-kHz transducers. Simulated and measured pressure fields are compared up to 12-m depth within 30 angular range.
A. Setup
The transducers used were of type ES120-7C and ES200-7C (Simrad, Horten, Norway) with a center frequency of 121 kHz for the ES120-7C type and 200 kHz for the ES200-7C type. Both are made for split-beam echo sounders. They were driven by an EK60 scientific echo sounder (Simrad, Horten, Norway). The hydrophone used to record the pressure pulse was of type ITC-6128 (ITC, Santa Barbara, CA). Its receive sensitivity varies less than 15 dB re 1 V/ Pa between 100 and 600 kHz. The hydrophone signal was sent to a preamplifier of type 3988 (KrohnHite, Brockton, MA) before being recorded by an oscilloscope of type DSO6014A (Agilent, Santa Clara, CA), and transferred to a personal computer (PC) for further processing (Fig. 1) .
Profiles showing the angular dependence at fixed range were recorded for both transducers. The hydrophone was held still while the transducer was rotated counterclockwise covering an angular range of 30 using an angular step of 0.5 . The profiles were recorded at regularly spaced depths covering a depth range from 10 cm to 12 m. They were also used to determine an axial profile along the main propagation axis. All measurements were done at the Kongsberg Maritime facility in Horten, Norway, in a water tank of dimensions approximately 6 m 15 m 6 m (width length depth).
The size of both transducers and their aperture weighting are designed to give a 3-dB opening angle of approximately 7 . The weighting is optimized to reduce sidelobe levels at the expense of a slightly wider main lobe compared to a flat piston transducer of identical size. The transmitted pulse was a pulsed continuous wave of duration 256 s.
B. Simulator
Nonlinear wave propagation simulations were carried out using an implementation of an angular spectrum method [20] - [23] for sources with cylindrical symmetry where the pressure field depends only on range and distance to the propagation axis. The angular spectrum method operates in the frequency domain and uses the operator splitting method. It consists of two operators applied sequentially. The first operator accounts for diffraction and absorption in the linear domain. It consists of multiplying the spatial Hankel transform of the particle velocity field for each harmonic at a depth by the corresponding operator defined for the th harmonic by if if (1) where is the spatial step size, is the fundamental frequency, is the speed of sound, is the radial coordinate, and is the attenuation coefficient in Np m Hz . This linear step is called the ray-theory-updated frequency sampled convolution (RFSC) [21] . The second operator is a nonlinear step which implements the frequency domain solution of a lossless Burgers' equation. The nonlinear step at depth gives the expression of the velocity of the th harmonic signal at radial coordinate , as a function of the velocities obtained after the linear step for (2) In (2), designates the particle velocity of the th harmonic signal at depth and radial coordinate obtained after the linear step, is the coefficient of nonlinearity, and is the number of harmonics taken into account in the simulations. The depth and radial indexes for were omitted in the summation for clarity and the star sign stands for complex conjugate. From the expression of the particle velocity , the pressure is approximated by the relation , where is the density of the medium. At initialization , the velocity profile of the fundamental signal is determined by the extent of the transducer and its weighting as well as the input pressure level and for .
C. Measurements and Simulations
To obtain the pressure field at a range and limit perturbations from spatial aliasing, following Christopher and Parker [21] , the radial extent of the simulation was set to , where 30 is the angular extent of the field at range . The number of radial samples was where is the wavelength. The input to the simulator was a continuous wave at frequency 121 or 200 kHz. Table I summarizes the values of the parameters used in the simulations.
1) ES120-7C Transducer:
The recorded pulse was filtered to extract the amplitude of the signal around the fundamental, second, and third harmonic frequency bands. To compute levels equivalent to continuous wave propagation and allow comparison with the simulations, the transient parts where the pulse is building up and decaying were removed before filtering. The input electrical power levels sent to the ES120-7C transducer were 100 and 600 W. Fig. 2 shows the frequency power spectra of the signal received when the hydrophone was situated on the propagation axis at 3 m from the source for both input power levels and clearly indicates peaks for the first three harmonics.
From the angular profiles measured within the range interval 10 cm to 12 m, an axial profile was computed for each input power level along the propagation axis. We tried different pressure levels as an input to the simulator to obtain the best fit between measurements and simulations for the axial profile of the fundamental signal. This gave 190 kPa for 100-W and 450 kPa for 600-W input electrical power. In each case, the match between measurements and simulation results was comparable. The obtained axial profiles of pressure amplitude in the -direction for an electrical power level of 600 W are shown in Fig. 3(a) . The axial profile of the fundamental signal shows a drop in the pressure level of approximately 30 dB over 12 m in both cases. The results of a simulation using the KZKTexas code [24] , [25] with the same input pressure level are also shown. They differ from the results of our simulator by less than 2 dB.
With this choice of input power level the axial profiles of the second and third harmonic signals show slightly higher levels for the measurements compared with what the simulations using the angular spectrum method predict, up to 4.4 dB higher beyond 6-m range. We tried to vary the values in the simulations for the nonlinearity coefficient , the speed of sound , and the attenuation coefficient within the intervals 3.32-3.61, 1447-1510 m s , and 0.31-0.17 dB m MHz , respectively, which are typical intervals at standard atmospheric pressure for a temperature between 10 C and 30 C [26] . Seeing no improvements with those changes or by varying the aperture radius, the input pressure was increased from 450 to 540 kPa. The obtained match with the fundamental signal is not as close as with 450-kPa input pressure with a mismatch around 1.7 dB but the match with the second and third harmonics profiles is improved with a mismatch contained within 0.6 dB beyond 6 m [ Fig. 3(b) ]. The sensitivity data of the hydrophone were available for frequencies between 150 and 625 kHz with a 25-kHz interval. This means that in the case of the ES120-7C the sensitivity had to be interpolated at the fundamental and harmonic frequencies. If the interpolated sensitivity at the fundamental frequency was higher than the actual sensitivity, the measured pressure after correction for the receiver sensitivity would be underestimated leading in turn to an axial profile for the fundamental signal that lies below the real pressure level. In that case, an input pressure level used in the simulations to best fit the measured axial profile of the fundamental signal would be too low and it would explain why an input pressure of 540 kPa gives axial profiles that better fit the measurements for the second and third harmonic signals. Fig. 4 compares measurements with simulations of angular profiles of pressure amplitude for first, second, and third harmonic signals at 3-m range with 600-W input electrical power. It also shows the results of a simulation using the KZKTexas code. For this comparison, the input pressure for the simulations was set to 450 kPa, which gave the best fit between measurements and simulations for the axial profile of the fundamental signal. A fit to the fundamental signal was preferred since measured pressure levels around this frequency are higher than around the second or third harmonic frequencies and therefore less influenced by noise. This is specially important when comparing pressure levels away from the propagation axis.
The angular beam profiles shown in Fig. 4 present a fairly good match between the measurements and the simulations using the angular spectrum with less than 4-dB difference for pressure levels above 160 dB re 1 Pa. The match with the simulations using the KZKTexas code is comparable within the angular range 15 . However, as the KZKTexas code is based on a parabolic approximation which is valid only for narrow angles, the beam profiles differ from the measurements at wider angles. The measurements and simulations confirm the narrower main lobe of higher harmonic signals compared to the fundamental signal and a main-lobe-to-sidelobe ratio of 41 dB for the second harmonic signal against 29 dB for the fundamental signal at 3 m. The noise level seems to lie between 150 and 160 dB re 1 Pa. This fits with the 8-b resolution of our oscilloscope that fixes the minimum detectable level around 50 dB below the maximum level.
2) ES200-7C Transducer: Angular profile measurements and simulations were done for the ES200-7C transducer using 100-and 600-W input electrical power. Angular pressure profiles recorded at ranges between 10 cm and 12 m were used to compute an axial pressure profile. The best fit between measurements and simulations for the axial profile of the fundamental signal is obtained for 320 kPa for 100-W and 800 kPa for 600-W input electrical power. Both the angular and axial profiles have very similar shape as the profiles shown in Figs. 3(a) and 4 and are therefore not shown. The match between measurements and simulation results for 100-or 600-W input power is also comparable.
As with the ES120-7C, the measured angular profiles agree with the simulations on the overall beam shape and the level differences are mainly contained within 4 dB for negative angles and 10 dB for positive angles. The largest deviations for positive angles occur around the sidelobes of the fundamental signal. The agreement between measurements and simulations around the main lobe is better with a difference mainly contained within 5 dB. The main-lobe-to-sidelobe ratio is approximately 22 dB for the fundamental signal and 41 dB for the second harmonic signal at 3 m.
The axial profile of the fundamental signal shows a drop in the pressure level of approximately 35 dB over 12 m. As expected, the attenuation is more significant than when using the ES120-7C transducer that transmits at a lower frequency. The measurements for the axial profiles are in this case less than 2 dB below the simulation results beyond 6 m. This mismatch cannot be explained by the sensitivity of the hydrophone that was measured at the harmonic frequencies of the ES200-7C and the input pressure level can be assumed adequate. However, an extension arm was added to the positioning system for measurements between 10 cm and 2 m with both transducers increasing the uncertainty of the hydrophone position by approximately 3 cm. A slight offset in the positioning of the hydrophone from the beam's propagation axis is a possible explanation for this mismatch that diminishes at longer range. Indeed the beam pattern in an angle span of 30 covers a smaller radial extent and varies more with radial distance close to the source as shown in Fig. 5 . A position error at short range can therefore give a larger error in the pressure measurement than farther from the source. This explains wider variations between measurements and simulations in this area with both transducers.
The overall match between measurements and simulation is within less than 5 dB beyond 6-m range. Considering the variations of the axial pressure for a 200-kHz transducer with an input pressure of 800 kPa over a range of 1000 m that is about 70 dB, and assuming that the simulator gives similar results over long range, the achieved precision is acceptable for our purpose. We can use our simulator to estimate and compare the range of the second harmonic signal to the range of the fundamental signal for an active sonar using the active sonar equation. It should be mentioned that the aim of these comparisons is not to validate the model based on the angular spectrum approach. This verification has been done and reported earlier in several papers [22] , [27] , [28] . The purpose is rather to check our implementation of the method, that we use the correct parameters values, and that the assumptions that the model relies on are appropriate.
III. SECOND HARMONIC PULSE-ECHO IMAGING
The measured profiles confirmed that higher harmonics were present and detectable. Therefore, we set up an experiment where the ES120-7C transducer with a center frequency of 121 kHz sent a pulse that reflected on targets and the second harmonic at 242 kHz was recorded by the ES200-7C.
Both transducers were set side by side and the targets consisted of four spheres. Three spheres were of diameter 38.1 mm and made of tungsten carbide while the fourth sphere had a diameter of 13.7 mm and was made of copper. They were positioned in the horizontal plane which also contained the propagation axis of both transducers and at a distance of approximately 2.75 m from the source. The spheres were separated by approximately 0.8 m as shown in Fig. 6 .
The transducer ES200-7C was connected directly to the oscilloscope. The transducers were rotated counterclockwise covering an angular range of approximately 15 to 45 , where 0 is the direction parallel to the wall of the water tank and positive angle is taken in the clockwise direction. Input electrical power levels sent to the ES120-7C were 1 and 2 kW. The pulse used was a pulsed continuous wave of duration 128 s. The recorded data were processed to filter out the pulse around the fundamental and second harmonic frequency bands. The receiving sensitivity of the ES200-7C was estimated at 121 and 242 kHz and compensated for to get the correct pressure level estimates for the recorded pulse. Fig. 7 displays the root mean square (RMS) value of the pressure amplitude of the received echoes from the spheres when filtered around the fundamental and second harmonic frequency bands for 1-kW input power. The recorded echo pressure amplitudes are very similar in the case of 2-kW input power.
The echoes from the three biggest spheres are clearly visible. It is interesting to note that the echo from the smallest sphere is barely noticeable when filtering around the fundamental frequency while it is clear when filtering around the second harmonic frequency. This is due to the wider main lobe of the fundamental signal compared to the main lobe of the second harmonic signal. Indeed when the transducers point toward the small sphere the ensonified region delimited by the main lobe of the fundamental signal also includes part of the closest large sphere and some of the tank wall. The tank walls have a rough surface and the direct echo from the wall as well as from the closest large sphere adds to the weaker echo from the small sphere. As the transducers rotate past the small sphere these perturbing echoes are strong enough to mask the signal reflected by the smaller sphere and make it barely distinguishable.
By comparison, the region ensonified by the main lobe of the second harmonic signal is smaller. When the transducers point toward the smaller sphere the echoes coming from the closest large sphere and the wall are much weaker. As the transducers rotate past the smaller sphere these weaker perturbing echoes allow the signal reflected by the smaller sphere to emerge. This allows a better delimitation in the angular profile of the echo coming from the smaller sphere.
From the measurements, it can be established that the average opening angle of the beam delimited by a 6-dB decrease from the maximum of the amplitude (full-width half-maximum) of the echoes from the three largest spheres are 7.1 for the fundamental signal and 5.2 for the second harmonic signal for 1-kW input power. For 2-kW input power the average 6-dB opening angles are 7.7 and 5.3 for the fundamental and second harmonic signals, respectively. Assuming the spheres are point scatterers and reflect incoming waves isotropically, the beam pattern from each sphere echo is the product of the transmitter (ES120-7C) and receiver (ES200-7C) beam patterns. Since both transducers are designed with a 3-dB opening angle of approximately 7 , their product should give a beam pattern with a 6-dB opening angle of approximately 7 . This is confirmed by the data at the fundamental frequency. At the second harmonic frequency, the main lobe of each echo is narrower than for the fundamental signal. This gives greater resolving capabilities as expected, just like one is used to in medical ultrasound applications.
This experiment shows that it is possible to use the second harmonic signal for imaging spheres. The image obtained by using the signal around the second harmonic frequency shows better resolving capabilities and reveals one target that fundamental imaging does not detect. The larger main-lobe-to-sidelobe ratio of the second harmonic signal can also be beneficial to target imaging. In a shallow-water environment, a sonar scanning at low grazing angles will be perturbed by surface and bottom reflections of the sidelobes. Scatterers situated in the propagation direction of the sidelobes will also create perturbations. The amplitude of these perturbations should be reduced in the case of second harmonic imaging due to the lower sidelobe levels.
IV. RANGE ESTIMATION FOR THE SECOND HARMONIC SIGNAL
As the pressure level of the second harmonic signal is well below the level of the fundamental signal, it is interesting to compare the maximum useful range for a sonar using the echo filtered around the second harmonic or the fundamental frequency bands. Therefore, we used our simulator to estimate the transmitted pulse pressure level along the main propagation direction in conjunction with traditional active sonar equations to estimate the maximum range at which the useful signal level is higher than the noise or reverberation level.
A. Active Sonar Equations
The two forms of the active sonar equation when the perturbation source for target detection is either isotropic noise or reverberation are, respectively SL 2TL TS NL DI DT (3) and SL 2TL TS RL DT (4) where SL, TL, TS, NL, DI, DT, and RL stand for source level, transmission losses, target strength, noise level, directivity index, detection threshold, and reverberation level, respectively. The definition of the terms used in (3) and (4) can be found in [29] and in the Appendix. These equations characterize the case of the monostatic sonar. They give the maximum range to which a sonar can detect a target. Beyond this range the useful signal level is below either the noise or reverberation level and the signal-to-noise ratio becomes too small for target detection at a preassigned probability of detection and false alarm. Each term in the equation is adapted to the second harmonic signal when suited to compare the maximum range for the fundamental and second harmonic signals. The water depth and the sonar depression angle are assumed large enough for the bottom and surface reverberations to be neglected. Hence, we only consider volume reverberation. This simulation represents a simple case of the models described by Urick [29] . The maximum attainable ranges may vary in real cases due to variable setups and environmental conditions. The aim of the simulation is to check that the attainable range of the second harmonic is comparable to the range of state-of-the-art sonars using fundamental imaging.
B. Simulations
The simulator based on the angular spectrum approach and described in Section II-B was used to estimate the on-axis pressure level at long range. In the simulations, a circular flat piston with the same dimensions as the ES200-7C was taken as source and receiver and the reflector was a fish of length . The water density and sound speed were taken to be constant. The equations for determining TL, DT, NL, DI, and RL in our case are presented in the Appendix. Note that NL DI is constant with frequency. DT being independent of frequency, the quantity NL DI DT is equal for the fundamental and second harmonic signals.
The effects of diffraction were taken into account up to 5 m in the simulation. Beyond this range, diffraction was neglected and the wavefront was approximated by a plane in the radial extent of the simulation. The linear step became a simple attenuated spherical spreading. Instead of using the linear operator described by (1) between ranges and , the pressure level of the th harmonic was computed as follows: (5) where is the absorption coefficient at frequency expressed in Np m . While the absorption in distilled water can be considered proportional to the square of the frequency as shown in (1), the absorption in seawater obeys a more complicated law. The absorption model used in the simulations was based on the formula given by Ainslie and McColm [30] where temperature, salinity, pH, and depth are parameters. This formula reveals a large dependency on temperature. Table II shows the values of the parameters used to estimate the terms of the sonar equations and to simulate attenuation in seawater. Using these parameters, absorption in seawater is about 45 dB km at 200 kHz and 96 Table I shows.
C. Results
Figs. 8 and 9 show the different parts of the sonar equation applied to the fundamental and second harmonic signals.
It appears that the sonar performance is limited by reverberation for the fundamental signal. The maximum range is 343 m. For the second harmonic signal the noise level is the limitation. The maximum range is 243 m. This is possible because the reverberation level is proportional to the source level while the noise level is not.
A relation can be found between the maximum range of the fundamental and second harmonic signals when reverberation is the only limitation. In the remote far field the upper harmonics do not obey spherical spreading because local effects contribute more to nonlinearity than the propagation of existing harmonics [31] . However, if the range is limited as in our case, the transmission losses can be approximated for the first two harmonics by TL (6) when is expressed in dB m . Combining (6) and (17) the reverberation level can be written as RL SL 2 TL (7) which when used in (4) gives
We call and the values of the ranges that satisfy (8) for the fundamental and second harmonic signals, respectively. Using (11), (18), and (19) to express TS and , we can write (9) which gives the following relation between and :
This surprising result shows that, in the case of reverberation only, the second harmonic signal has a maximum range around twice the range of the fundamental signal. The most favorable condition for exploiting the second harmonic signal is therefore where the ambient noise is low. In that case, the high pressure level of the fundamental signal is likely to generate a high reverberation level while the low pressure level of the second harmonic signal contributes to limited reverberation. This low pressure level becomes a limitation when the ambient noise level rises and the signal-to-noise ratio of the second harmonic signal becomes too weak.
V. WHY USE THE SECOND HARMONIC?
The first two sections showed how the second harmonic signal can contribute to improving image quality in sonar imaging. But if a broadband transducer can be used for imaging both at the fundamental and second harmonic frequencies it is legitimate to compare the performance of a sonar transmitting at 200 kHz and using echoes around the first and second harmonic frequency bands with the performance of a sonar transmitting at 200 kHz then at 400 kHz and using the echoes around the fundamental frequencies only.
To estimate the maximum useful range for such a sonar transmitting at 400 kHz we use our simulator with an input pressure of 600 kPa and all the other parameters unchanged from what Table II describes. In this configuration, the maximum useful range is below 220 m which is shorter than the maximum useful range for the second harmonic signal at 400 kHz. Moreover, while a sonar transmitting at 400 kHz with the same transducer dimensions has a narrower main lobe and therefore a better resolution than the first and second harmonic signals of a sonar transmitting at 200 kHz, it lacks the high main-lobe-to-sidelobe ratio that the second harmonic signal at 400 kHz provides. One way to increase the main-lobe-to-sidelobe ratio is to apply a weighting on the aperture. However, the weighting function needed reduces the transmitted axial pressure level and limits even further the maximum useful range.
The combination of echoes around the fundamental and second harmonic frequency bands brings additional advantages. It gives an update rate that is twice the rate of a sonar receiving echoes around the fundamental frequency only. The two images obtained allow one to combine the high resolution of the second harmonic signal at short range and the long-range capability of the fundamental signal with a lower resolution. In addition, the echoes at two different frequencies can be used to characterize acoustic targets. Previous studies have shown that one can use the echoes at multiple frequencies to distinguish organisms with different acoustic properties [32] . The size of the target is one obvious parameter that influences the frequency response. When the target size is well below the pulse wavelength the echo received comes from a diffraction process while it comes from reflection when the target size is much larger than the wavelength. A simplistic model for a target is a gas-filled bubble of radius immersed in water. As mentioned in [29] , the ratio of the acoustic cross section to the geometrical cross section in this case is proportional to when , where . For , this ratio is constant. Given that TS the target strength evolves similarly with .
But the frequency response of organisms depends on more factors than just their size [32] . Experiments have been carried out to characterize the frequency response of fish with or without swimbladder [16] , [33] , [34] , zooplankton [15] , [34] , [35] , or jellyfish [34] , [36] . They all give examples of how living organisms can be differentiated by their frequency response. For instance, at frequencies between 18 and 200 kHz, Korneliussen and Ona showed that signal from zooplankton mainly comes from Rayleigh scattering while for most swimbladdered fish it comes from geometric scattering [32] .
This shows that the combined use of echoes filtered around the fundamental and second harmonic frequency bands can help identifying living organisms and that it is advantageous when imaging targets compared to using only the echo filtered around the fundamental center frequency.
VI. CONCLUSION AND FUTURE STUDIES
Through experiments we have verified that propagation of sound in water for state-of-the-art sonars generates significant signals around the second and third harmonic frequency bands. Measurements of the pressure field radiated by two commercial transducers were compared with numerical simulations and fit within 5 dB beyond 6-m range. They show that the second harmonic signal exhibits low sidelobes relative to the main lobe, which is important in many applications of sonar imaging. The measured pressure fields were in accordance with the design of both transducers exhibiting a 3-dB opening angle around 7 and a main-lobe-to-sidelobe ratio higher than 20 dB. Higher attenuation for the pressure level of the fundamental signal at the highest transmitted frequency was also confirmed with a pressure drop over 12 m of approximately 30 dB at 121 kHz and 35 dB at 200 kHz.
The second harmonic signal was used to image spherical targets. The echo from the targets had a narrower main lobe when filtering the signal around the second harmonic frequency band and the smallest sphere could only be detected by the second harmonic signal. This shows that use of the second harmonic signal can potentially improve the image quality when combining it with the fundamental signal.
A simulator was used to compare the maximum range as defined in the active sonar equation for the fundamental signal at 200 kHz and the second harmonic signal at 400 kHz in the case of isotropic noise and volume reverberation as limiting factors. A simple case of the models presented in Urick's text [29] was used and indicates that the second harmonic signal can be used to detect a 30-cm-long fish at a maximum range of approximately 243 m against 343 m for the fundamental signal when the source level is 228 dB and the detection threshold is 12 dB. In this case, the maximum achievable range for the fundamental signal of a sonar transmitting at 400 kHz is less than for the second harmonic signal of a sonar transmitting at 200 kHz. This counterintuitive result depends on the model used and the levels chosen for the input pressure, the noise, and the scattering strength but it shows that there is a role for second harmonic imaging in sonars and echo sounders. Using a single transducer one could combine the high resolution of the second harmonic signal at short range with the long-range capability and lower resolution of the fundamental signal.
Combining echoes from the fundamental and second harmonic signals doubles the data rate per ping. In addition, the echoes at two different frequencies can contribute to target classification, e.g., living organisms, by comparing their frequency response. This is another potential use for the second harmonic signal in fishery research.
In contrast to using several transducers simultaneously when characterizing living organisms by their frequency response, combining the fundamental with the second harmonic signals does not require extra equipment. This arrangement could be implemented into existing sonar systems at a potentially reduced cost provided that the cost of wideband transducers will drop in the future.
A limitation of the presented technique is the need for high transmitted power. With low input power the higher harmonics signals generated due to nonlinear propagation are negligible. Medium-to-high input powers are necessary. In our case, 1-kW input power was enough to achieve second harmonic imaging. Increasing input power also has its limitations in the form of cavitation, hard shock, or saturation that all dissipate energy into the medium. In addition, the receiver needs to be sensitive enough to detect the low level of the echoes and the uncertainty of the recorded level should be small if used in organism characterization.
The results of these experiments confirm the potential of second harmonic imaging in underwater acoustics. In a future work, combining the echoes received around the fundamental and second harmonic frequency bands could be tried at sea using existing echo sounders or sonars. Such an experiment would demonstrate both the image enhancement and target classification capabilities of the method. Experiments in shallow water would put in evidence the reduction in perturbations from surface and bottom reverberation when using the second harmonic signal with low sidelobe levels. Other examples of future work include a more detailed characterization of the second harmonic imaging in terms of resolution and sidelobe echoes strength as well as a comparison between fundamental and second harmonic images for varying ranges.
APPENDIX COMPUTATION OF ACTIVE SONAR EQUATION
The target strength is defined as TS 1 kHz (11) where is the size of the fish in centimeters and is the frequency. Equation (11) is based on empirical measurements [29] . In our simulations, TS 36 dB at 200 kHz. For the case of an active sonar transmitting a sinusoidal pulse in a background of Gaussian noise where the received signal is processed by an energy detector, the detection threshold can be defined as [37] DT (12) where is the number of independent samples of the squared amplitudes used by the energy detector and is equal to 1 in our case and (13) (14) with being the false alarm probability taken equal to 0.01% and being the detection probability taken equal to 95% in our case. Equation (12) takes into account the low time-bandwidth product (equal to 1 in our case) and is valid for sinusoidal signals in narrowband Gaussian noise. In our simulations, DT dB. The noise generated for the frequency range of interest is mainly due to thermal noise originating in the molecular motion of the sea. The chosen model valid for frequencies above 100 kHz for the noise level is NL 1 kHz (15) where is the bandwidth of the receiver assumed equal to the bandwidth of the signal (the inverse of the signal duration in our case). Both the detection threshold and the noise level are defined by considering the noise power in the bandwidth of the receiver instead of a 1-Hz bandwidth as done in [29] . By doing so, the same definition for the detection threshold can be used in (3) and (4). In our simulations, NL 61 dB at 200 kHz. In our case, the directivity index is the same as the array gain. For a circular piston of radius , we get [29] DI (16) where is the wavelength. In our simulations, DI 30 dB at 200 kHz. The reverberation level is defined as RL SL (17) where is the range, is the volume scattering strength, is characteristic of the reverberation volume, and is the attenuation coefficient expressed in dB m . Computations in [29] give the following expression for : (18) where is the speed of sound, is the pulse duration, and for a circular piston of radius is defined by [29] (19)
According to [29] , the source of volume scattering strength is biological. For frequencies above 20 kHz, the scatterers are likely to be zooplankton. The variation of in this frequency range is slight or absent.
is taken constant for the fundamental and second harmonic signals in our simulations.
